It is shown that although nanoparticles are now finding wide application in a variety of fields, a detailed understanding of their mode of action is important and has to be made on a detailed analysis of their physicochemical properties in solution. In this study, the interaction between micron-sized latex particles and TiO 2 manufactured nanoparticles are reported and the importance of the electrostatic interactions is discussed. The surface charge variations of micron-sized latex particles and TiO 2 nanoparticles are considered by adjusting the solution pH and three electrostatic scenarios are experimentally determined by performing electrophoretic measurements. In the first scenario, positively charged isolated TiO 2 nanoparticles are rapidly adsorbed at the negative latex surfaces and the latex surface charge, latex aggregation and aggregation kinetic rates are found to be controlled by the TiO 2 nanoparticle concentration. Fractal aggregates are obtained when latex surface charge is compensated by adsorption of the oppositely charged nanoparticles. Analysis of the variation of the kinetic rate with nanoparticle concentrations indicates an uneven distribution of the TiO 2 nanoparticles at the latex surface leading to an extra attractive contribution to the interaction energy between the latex particles. In the second scenario, at the point of zero charge of the TiO 2 nanoparticles, and in presence of negatively charged latex particles, the suspension behavior is mainly controlled by the aggregation of the TiO 2 nanoparticles. The last scenario which is representative of the presence of negatively charged species is leading to stable suspensions.
INTRODUCTION
Manufactured nanomaterials, in particular nanoparticles (NPs), are today widely produced and used due to their remarkable properties. Nanomaterials are defined as materials with one dimension less than 100 nm in at least one dimension, and NPs in at least two dimensions. 1 Nanoparticles cover a wide range of compounds such as, carbon based (fullerens, nanotubes), metal oxide (TiO 2 , ZnO, Fe 2 O 3 , and metal (Au, Ag) NPs. 2 Due to huge surface/size ratio nanoparticles exhibit unique physical and chemical properties such as specific redox and catalytic properties and high UV filtering capacity. Depending on their sizes, shapes and chemical compositions NPs are today used in conductive and high-strength composite production, energy storage and conversion, sensors and in many domains of colloid science and biotechnology.
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One of the more produced NPs type is titanium dioxide (TiO 2 with an annual production of about 4.3 million tons. 7 TiO 2 is widely used as UV protective agent in painting and cosmetics, in photovoltaic, photocatalytic and sensor domains. [8] [9] [10] [11] [12] [13] [14] [15] TiO 2 synthesis, properties, modifications and applications are summarized in Ref. [3] . Since nanomaterials risk evaluation is a subject of growing interest, [16] [17] [18] the possible impact of TiO 2 NPs in the environment as well as their fate and transport are also under investigation. 19 Influence of pH, ionic strength, salt valency, and surface potential on aggregation and dispersion of TiO 2 NPs have been reported, 20 21 as well as TiO 2 NPs stability in presence of natural organic matter to get an insight into their possible behavior in aquatic systems. 22 23 Polymer latex based colloids are widely used in colloid science and applications such as the manufacture of water based coating, microscope calibration, packing material in chromatographic columns, biomedicine and biomedical especially in drug delivery systems. [24] [25] [26] [27] They are also known to be ideal models due to their monodisperse sizes and surface group functionalization possibilities. Latex particles or films are also used as templates for NPs and biopolymer polyelectrolyte coating or for electrochemical deposition of metal to improve UV protecting properties, produce photonic material, high density magnetic data storage devices and biosensors. 24 28-34 Among these applications, polymer films made from colloidal aqueous dispersions, called latexes, are used more and more nowadays. To improve the long term stability of such films, TiO 2 NPs are now considered because of their potential to improve the film UV protecting properties. One problem of such films is that their properties (optical, mechanical, etc.) may suffer from the inhomogeneous distribution of the TiO 2 NPs in the final film from the drying mechanism itself but also the initial distribution of the TiO 2 NPs adsorbed on the latex surface which will influence their final distribution in the dry film and consequently its properties. Prior film formation the initial distribution of the TiO 2 NPs is expected to depend on the adsorption of TiO 2 NPs at the latex surface, aggregation formation processes, and parameters such as the extend of surface coating, surface charge modification of the latex particles, solution pH and ionic strength.
In this study, negatively charged micron-sized latex particles and TiO 2 NPs mixtures are considered, and the influence of the TiO 2 NPs concentration on the surface charge properties of the latex particles is investigated using electrophoretic mobility measurements. Since the TiO 2 NPs surface charge is pH dependant, the role of the pH on the TiO 2 NPs adsorption amount at the latex particles is also investigated. Three electrostatic scenarios are then investigated in details corresponding to negatively charged latex particles in presence of positive, negative and uncharged TiO 2 NPs respectively. The aggregation of the latex particles resulting from the presence of the TiO 2 NPs is also evaluated and kinetic rates are determined by adjusting both pH and TiO 2 NPs concentration. Aggregation rates are also compared with salt induced particle destabilization. Based on a detailed analysis of electrophoretic measurements and kinetics rates, aggregation mechanisms are discussed and comparison is made with DLVO predictions. Aggregate structures are then examined to obtain the fractal dimensions of the resulting structures and SEM analysis is made to get an insight into the distribution of TiO 2 NPs on the latex particle surface.
MATERIALS AND METHODS

Materials
Monodisperse polystyrene sulfate latex spheres with a mean diameter of 0 99 ± 0 03 m determined by TEM were obtained from IDC (Interfacials Dynamics Corporation) as a 81 g/L latex suspension in water. Latex particles exhibit negative charges due to the presence of sulfate groups (7 6 × 10 5 per particle) and have a specific surface area equal to 5 
Aggregation Kinetic Determination
The influence of TiO 2 adsorption and concentration on the aggregation kinetic of the latex suspensions was investigated by monitoring the decrease of the number of non agglomerated 1 m latex monomer particles as a function of time using a Coulter Counter Multisizer ® II. This instrument determines the size distribution by recording through a 256 channels device the number of particles or agglomerates as well as their equivalent sizes (comprised between 1 and 30 m) when passing through a 50 m aperture in an Isoton support electrolyte. The Isoton IIA electrolyte was previously filtered on a 0.22 m Millipore ® ISOPORE ™ GTTP filter to enhance the signal noise ratio. 100 L of 500 mg/L latex with different TiO 2 concentrations mass reactant gently stirred were added to 100 mL ISOTON IIA in a 150 mL PP beaker (VWR) to perform the measurement.
The mixture was then gently agitated with a 28 × 6 mm mechanic axial propeller stirrer. Each Coulter Counter measurement was performed during 30 s, which corresponds to a total solution volume of 287 L. Each sample was then measured three times and triplicates were made for each different latex-TiO 2 concentration ratio and the decrease with time of the free latex particles number was measured in the 1 m channel. The isolated latex particle number variation with time was then used to calculate kinetic aggregation rates.
Aggregate Fractal Dimension Determination
Fractal dimension (D f is an important geometric parameter for the characterization of aggregation processes and aggregate compactness. 35 It can be expressed as a scaling relationship between aggregate mass (M) and a characteristic aggregate length (l) according to,
The fractal dimension indicates how the nominal volume occupied by an aggregate is filled with primary particles. Fractal dimension gives also important information for the calculation of sedimentation and diffusion coefficients which are important transport and diffusion parameters. The aggregate fractal dimensions were determined using a Olympus BX61 microscope equipped with a 3.2 Mpx CCD camera. The samples were gently deposited on a glass plate and measurements were made immediately to avoid any changes in aggregate geometries due to the drying process. The image analysis was made with SigmaScan Pro software. 12 pictures were taken with a 10× magnitude objective on three different solutions. The fractal dimensions were then determined by considering relative masses and aggregate dimensions and calculated by considering the slope of a log-log plot of the number of pixels per aggregate as a function of the major axis length of aggregates according to Eq. (1).
SEM Image Analysis
Sample morphology was observed using a scanning electron microscope (SEM, JEOL, JSM 7001F) operated at 15 kV. Samples (10 L of solution), previously deposed on a silica wafer (<1 nm surface roughness, Agar scientific), were allowed to dry 1 day before the analysis. An ultra-thin coating of 3 nm gold was then deposited on the samples by low vacuum sputter coating prior to imaging.
RESULTS AND DISCUSSION
Material Characterization
Latex Particles
To get an insight on the surface charge variation of the latex particles in solution as a function of pH, the corresponding titration curve was determined with the measurement of zeta potential values. 50 mg/L latex solutions with a final ionic strength equal to 0.001 M (adjusted with NaCl) were used and the pH was adjusted from pH 11 to pH 2 with HCl at variable concentrations. As shown in Figure 1 , due to the presence of surface sulfate groups, latex particles exhibit a negative potential value which is decreasing from −70 ± 1 mV at pH 2, to −109 ± 1 mV at pH 11. No Point of Zero Charge (PZC) is observed. Owing to the low pKa value of sulfate groups (pKa < 2) and the presence of negative surface charges, latex particles are thus stabilized against aggregation upon pH variations and at low ionic strength. It should be noted that aggregation could be promoted through screening effects by increasing the ionic strength. Previous work showed that the critical coagulation concentration of similar latex particles was equal to 0.25 M at pH 6 for a 500 mg/L latex solution with the use of monovalent salt. 36 Sizes were also measured in solution using a Zetasizer Nano ZS and the z-average diameter was found equal to 1199 ± 26 nm. The latex solution was found stable and monodisperse in size in the full pH domain.
TiO 2 NPs. The TiO 2 NPs surface charge pH dependence and the resulting stability of the NPs in solution were determined through pH titration curves. As shown in Figure 2 (a), TiO 2 NPs exhibit a stable and positive zeta potential from pH 2 to 4 (+50 mV). Then the potential value decreases to the PZC at pH 6.2 ± 0 1 in good agreement with the values reported in the literature. 37 38 By increasing further the pH, the zeta potential becomes negative and is found to stabilize at −40 mV at pH 8.5. The z-average diameter evolution with pH was also determined and presented in Figure 2 (b). The NPs size is found to increase to reach a maximum value at the PZC with values greater than 10 m indicating strong aggregation when the NPs surface charge is neutralized. By further increasing the pH, the z-average diameter is found to reach stable values again. As shown in the gray domains in 
Latex Surface Charge Modifications in Presence of TiO 2 NPs
According to the pH dependence of the zeta potential values for both the TiO 2 NPs and latex particles, different electrostatic scenarios of interaction processes can be defined here. The first one is considering the most favorable situation for the adsorption of the TiO 2 NPs at the surface of the latex particles i.e., positively charged NPs in presence of negatively charged latexes. In these conditions fast TiO 2 NPs adsorption at the latex surface is expected. This will be achieved when pH < pH PZC TiO 2 . The second one, when pH = pH PZC TiO 2 , is related to the interaction of negatively charged latex particles with uncharged TiO 2 NPs. Such a condition is expected to rapidly promote the formation of TiO 2 aggregates in solution. The third one, when pH > pH PZC TiO 2 , is representative of a system consisting in negatively charged latex particles and negatively charged TiO 2 NPs and thus represent unfavorable conditions for NPs adsorption at the latex surfaces.
The first set of data was obtained at pH 3.7 by adjusting the TiO 2 NPs concentration in the latex suspension. In this condition, the positively charged TiO 2 NPs are rapidly adsorbed at the negatively latex surface and three distinct behaviors are obtained as shown in Figure 3(a) : (i) at low TiO 2 concentration latex particles remain negatively charged ( from −70 mV to −60 mV).
(ii) then, by increasing TiO 2 concentration, the latex zeta potential is rapidly increasing to zero. The full charge neutralization of the latex particle and IsoElectric Point (IEP) value is achieved here when [TiO 2 ] = 475 g/L for a TiO 2 /latex particles ratio number equal to 7 41 × 10 5 . 
RESEARCH ARTICLE
Loosli and Stoll
Adsorption of TiO 2 Nanoparticles at the Surface of Micron-Sized Latex Particles (iii) then by increasing further the TiO 2 concentration charge inversion is obtained with latex particle exhibiting positive surface charges ( = +60 mV).
For TiO 2 concentrations comprised between 5 g/L and 500 mg/L monomodal zeta potential as well as size distributions were obtained. The mean z-average diameter was found equal to around 1000 nm i.e., corresponding to the presence of isolated latex particles below and above the IEP. Higher values were found close to surface charge neutralization at the IEP. Such results indicate that the electrophoretic mobility signal was mainly related to the latex particles. For TiO 2 concentrations ranging from 500 mg/L to 3 g/L (gray domain in Fig. 3(a) ) bimodal zeta potential and size distributions were obtained. Then, for higher TiO 2 concentration, TiO 2 signal was found to be predominant and monomodal distributions were obtained with z-average sizes and potential values corresponding to the TiO 2 NPs.
The zeta potential variation as a function of TiO 2 concentration at pH = pH PZC TiO 2 is now presented in Figure 3 (b). The zeta potential values are found here to rapidly decrease to values close to zero. In such condition, TiO 2 NPs are expected to form large aggregates in solution. As a result at low TiO 2 concentration (from 50 to 500 g/L), the obtained potential values correspond to latex particles (monomodal size distribution with a zaverage diameter around 1000 nm). Then by increasing the TiO 2 concentration, TiO 2 aggregate formation is found predominant and to be in agreement with the expected z-average diameters and zeta potential values. At high TiO 2 NPs concentration, the potential values are close to zero due to presence of large aggregates composed of uncharged TiO 2 NPs.
Finally, experiments at pH 10 (pH > pH PZC TiO 2 were realized, in which both latex and TiO 2 particles are negatively charged. Such conditions are not favorable to TiO 2 NPs aggregate formation, nor TiO 2 adsorption at the surface of the latex particles due to electrostatic repulsions. As shown in Figure 3(c) , the zeta potential is stable at −105 mV in a relatively large domain of TiO 2 concentration. This value corresponds to the zeta potential of the isolated latex particles. By increasing further the TiO 2 concentration the potential value is found to increase up to −40 mV corresponding to the TiO 2 zeta potential value at this pH value. For a 500 mg/L or lower TiO 2 mass concentration, only the potential of the latex particles was measured due to its much larger size relative to TiO 2 NPs. On the other hand, only the TiO 2 zeta potential was observed for a TiO 2 concentration greater than 3000 mg/L. In between, two populations were observed, one at −105 mV and the other at −40 mV, hence giving an intermediary zeta potential value depending on the ratio between them. This was confirmed by the analysis of the z-average diameters.
Aggregation Kinetic of Latex and TiO 2 NPs Mixtures
Aggregation Kinetic Rates
In Figure 4 are presented the variation of the inverse free latex particle concentration with time (cm 3 /particle) at different TiO 2 NPs concentrations. The first electrostatic scenario is mainly considered here i.e., negatively charged latex particles in presence of positively charged TiO 2 NPs. The kinetic aggregation rates were experimentally found to follow a 2nd order law according to
where N represents the isolated latex particle number and K S the kinetic aggregation rate (cm 3 /s). This formula is used to calculate K S values at early stages of coagulation when most of the latex particles are still as singlets. The increase of TiO 2 NPs concentration is first promoting the coagulation of latex suspensions until a maximum value. The kinetic aggregation rates varied from 4 92 × 10 −13 cm 3 /s for a 8 mg/L TiO 2 concentration to a maximum aggregation rate of 3 30 × 10 −11 cm 3 /s at 4.75 mg/L corresponding to latex surface charge neutralization at the IEP. After this point, the increase of TiO 2 NPs concentration stabilizes the latex suspension. As shown in Figure 4 , a significant difference is found between the highest K S values obtained in presence of NaCl above the salt critical coagulation concentration and the one obtained here. The coagulation rate obtained with salt screening only (1 0 × 10 −10 cm 3 /s) is 3 times greater than the value obtained at charge neutralization due to TiO 2 NPs adsorption. 36 The corresponding K S values are reported as a function of TiO 2 NPs concentration in Figure 5(a) . It is shown that the kinetic rate K S increases continuously until the negative latex negative surface charge is neutralized by the adsorption of the oppositely charged TiO 2 NPs. Then by increasing further the TiO 2 NPs concentration a rapid decrease of the K S values is observed owing to the charge reversal of the latex particles and the importance of the electrostatic repulsions between the positively charged TiO 2 coated latex particles. Similar trends are obtained when considering the kinetic rate variations as a function of the latex zeta potential (Fig. 5(b) ). The optimum conditions are in good agreement with the optimal TiO 2 NPs dosage required for surface charge neutralization. Here also a rapid decrease of the K S values is observed in the charge reversal domain after the latex surface charge neutralization point. Two points are important to discuss here. The first one is considering the asymmetric shape of the kinetic rate variations indicating a rapid restabilization of the latex particles after charge inversion of the latex particles. The second one is considering the relative broadness of the curves which indicates that even in presence of a small TiO 2 amount (1.5 mg/L) and a resulting latex particle potential value of −50 mV, the latex-TiO 2 system already starts to aggregate. In theory, for such zeta potential value the mixture should be stable and aggregation should be prevented. This denotes that charge neutralization is not the only mechanism of latex destabilization. An alternative approach consists to consider the nature of the charge distribution on a latex particle with adsorbed TiO 2 NPs. With TiO 2 NPs of high charge density it is proposed an uneven charge distribution of the latex particle and that the patch mechanism would lead to an attractive contribution to the interaction energy between two latex particles.
The DLVO theory 39 40 was used to calculate the total interaction potential between two latex particles with variable surface charge potentials to help elucidate the possible aggregation mechanisms. The total interaction potential V T was calculated as the sum of long distance repulsive electrostatic double layer interactions V R Elect and short distance attractive van-der-Waals forces V A vdW according to:
where 0 and r are the vacuum permittivity and the water relative permittivity respectively, a the latex particle radius, the latex surface potential, the Debye-Hückel parameter (with −1 = 9 61 × 10 −9 m) and A 1 3 1 is the Hamaker constant. In these equations the linear superposition approximation was used. 41 In our calculations, the size modification of latexes due to the adsorption of TiO 2 was neglected and the surface particle potential was replaced, as a first approximation, by the experimental zeta potential values. The Hamaker constant A 1 3 1 was defined by considering the latex intrinsic properties and fixed to 1 40 × 10 −20 J. 42 In Figure 6 , the total interaction potentials are then presented for different zeta potential values. It is shown that van-der-Waals attractive forces are fully predominant for particles with potential values less than 6 mV and that the absence of a secondary minimum indicates irreversible aggregation. For a 8 mV shear plane potential, even if a secondary minima is identified, the energetic barrier is almost equal to zero k B T and aggregation process should happen. In the case of a 10 mV zeta potential, a 10 k B T potential is required to induce aggregation and it is thus expected to represent a limiting surface charge potential value. The theoretical calculation of the interaction potential between latex particles clearly indicates that out of a zeta potential region comprised between −10 and +10 mV aggregation should not occur in our experimental conditions. This is not the case here owing to the fact that aggregation is observed even for relatively high zeta potential values as shown in Figure 5(b) . Hence suggesting that, as already proposed, an uneven charge distribution of TiO 2 NPs on the latex surface leading to an extra attractive contribution energy.
Aggregate Morphologies and SEM Surface Analysis
Fractal analysis and fractal dimension calculations were performed on aggregates obtained in the first scenario i.e., in presence of negatively charged latexes and positively charged TiO 2 NPs at the IEP corresponding to mixture at pH 3.7 with a latex and TiO 2 NPs concentration equal respectively to 500 mg/L and 4.7 mg/L. Three samples representing 796 aggregates were analyzed. In Figure 7 is presented a log-log plot of the variation of the aggregate mass (in number of pixels) as a function of the aggregate major axis length (represented here by the number of pixels). The linear distribution of the data demonstrates the fractal character of the aggregates and the fractal dimension D f is found equal to 1 82± 0 03 in good agreement with the cluster-cluster aggregation model and diffusion limited aggregation model fractal 35 43 SEM picture analysis was also made by considering latex particles in presence of TiO 2 NPs at variable concentrations. The SEM samples were prepared at pH 3.7, pH 6.2 and 9.7, considering a 50 mg/L latex and various TiO 2 mass concentrations, but without the presence of salt to minimize artifact effects due to the presence of salt during the drying processes. Distribution of TiO 2 on polystyrene sulfate latex surface clearly shows an uneven NPs distribution which is concentration dependent. For better comparison, in Figure 8 (Fig. 8(b) ), 0 mV (Fig. 8(c) ) and +30 mV ( Fig. 8(d) ). The latex surface coverage is found to increase with the TiO 2 NPs concentration. TiO 2 NPs are mainly adsorbed as individual particles even if, in some cases, small TiO 2 aggregates of less than 50 nm in size are observed on the latex surface. Additional SEM analysis was performed at the pH corresponding to the PZC of the TiO 2 NPs. The corresponding picture which is presented in Figure 9 indicate that TiO 2 NPs are forming large aggregate which are not adsorbed at the latex surface in good agreement with our previous zeta potential measurements. Finally, at pH 9.7, as expected, latex particles were found uncoated and TiO 2 NPs dispersed as singlets due to electrostatic repulsions.
CONCLUSIONS
Electrophoretic measurements, SEM image analysis and particle counting techniques were used to investigate in a systematic way the interaction (adsorption and aggregation) processes, resulting structures, and solution stability of solutions containing micron-sized latex particles and TiO 2 nanoparticles. It is show that the "functionalization" of the latex particles by nanoparticles is achieved in very specific electrostatic conditions so as (i) to promote the nanoparticles adsorption at the latex surface and (ii) avoid the formation of large aggregates in solution.
Such conditions are obtained here below the point of zero charge of the TiO 2 nanoparticles and for NPs concentration below the surface charge neutralization of the latex particle so as to avoid latex aggregation. Using image analysis, considering DLVO calculations and analyzing the kinetic aggregation rates we also concluded to an uneven nanoparticle distribution on the surface of the latex particles resulting to latex destabilization below the latex surface charge neutralization point.
